• Premise of the study : Cactaceae is one of the most charismatic plant families because of the extreme succulence and outstanding diversity of growth forms of its members. Although cacti are conspicuous elements of arid ecosystems in the New World and are model systems for ecological and anatomical studies, the high morphological convergence and scarcity of phenotypic synapomorphies make the evolutionary relationships and trends among lineages diffi cult to understand.
• Methods : We performed phylogenetic analyses implementing parsimony ratchet and likelihood methods, using a concatenated matrix with 6148 bp of plastid and nuclear markers ( trnK/matK , matK , trnL-trnF , rpl16 , and ppc ). We included 224 species representing approximately 85% of the family ' s genera. Likelihood methods were used to perform an ancestral character reconstruction within Cactoideae, the richest subfamily in terms of morphological diversity and species number, to evaluate possible growth form evolutionary trends.
• Key results : Our phylogenetic results support previous studies showing the paraphyly of subfamily Pereskioideae and the monophyly of subfamilies Opuntioideae and Cactoideae. After the early divergence of Blossfeldia, Cactoideae splits into two clades: Cacteae, including North American globose and barrel-shaped members, and core Cactoideae, including the largest diversity of growth forms distributed throughout the American continent. Para-or polyphyly is persistent in different parts of the phylogeny. Main Cactoideae clades were found to have different ancestral growth forms, and convergence toward globose, arborescent, or columnar forms occurred in different lineages.
• Conclusions : Our study enabled us to provide a detailed hypothesis of relationships among cacti lineages and represents the most complete general phylogenetic framework available to understand evolutionary trends within Cactaceae. January 2011] Hern á ndez-Hern á ndez et al. -Cactaceae molecular phylogeny and evolution tions ( Applequist and Wallace, 2002 ; Nyffeler, 2002 ) . Except for Cacteae, the traditionally defi ned tribes have been found to be para-or polyphyletic (e.g., Applequist and Wallace, 2002 ; Nyffeler, 2002 ; Wallace and Gibson, 2002 ) . Cactoideae includes the largest number of genera and species and the largest diversity of growth forms among Cactaceae subfamilies (see Barthlott and Hunt, 1993 ; Anderson, 2001 ) . Its members diversifi ed throughout the American continent, becoming adapted to different environments and evolving a large variety of forms and habits ( Gibson and Nobel, 1986 ) . For example, dry, tropical forests in central Mexico host a large radiation of columnar and arborescent cacti, and these growth forms also occur in some lineages from several regions of South America. Epiphytes with cylindrical or fl attened stems inhabit humid, tropical forests of Central and South America, and a variety of globose or spherical species that grow independently or form clumps occur in the arid and semiarid regions of South and North America. In North America, they range in size between a few millimeters above the ground to gigantic barrel cacti over 2 m tall ( Gibson and Nobel, 1986 ) .
Efforts have been made to describe and explain the profuse diversity of forms within Cactoideae. According to Gibson and Nobel (1986) , cacti stem forms within the subfamily can be barrelshaped, globose, or cylindrical. Barrel-shaped forms include species with globular or spherical stems and a maximum height of 0.5 -2 m, whereas globose cacti possess spherical stems less than 0.5 m tall ( Gibson and Nobel, 1986 ). The cylindrical (or columnar, according to the authors) form includes species whose stems are 10 or more times longer than wide ( Gibson and Nobel, 1986 ) . According to their branching patterns, cylindrical-stemmed species can be classifi ed in different growth forms ( Arias and Terrazas, 2006 ) . If the cylindrical stem is unbranched, the form can be classifi ed as a simple columnar; arborescent forms are tree-like with a trunk branching above its base, and shrubby forms are characterized by the absence of a main trunk or the presence of basitonic branching ( Anderson, 2001 ; Arias and Terrazas, 2006 ; Buxbaum, 1951 ) . Sometimes, cacti with a cylindrical stem grow in a prostrate, clambering, scrambling, or climbing form ( Anderson, 2001 ) due to the lack of mechanical support of the stem. Instead of growing erect, these cacti grow over the soil or are supported by other plants or neighboring vegetation. When cacti grow on other plants, they are classifi ed as epiphytes ( Anderson, 2001 ).
An important adaptation in the stem of species of Cactoideae is the presence of a folded surface, which allows them to swell without tearing and to absorb large quantities of water when available ( Mauseth, 2006 ) . The stem surface in Cactoideae species can be folded longitudinally into ribs or both longitudinally and transversely into tubercles. Whereas ribs allow the inner cortex to expand and shrink radially without damaging the shoot surface, tubercles allow the entire shoot to shorten or lengthen as water content changes ( Mauseth, 2006 ) . This complexity and large diversity of forms and habits present in Cactaceae -and particularly within Cactoideae -have complicated the achievement of a consensus on the classifi cation of cacti growth forms, and with the lack of stable phylogenetic hypotheses for relationships among lineages, have hindered our understanding of the evolution of the family ' s diversity of forms.
The main goal of our study is to reconstruct the phylogenetic relationships within Cactaceae based on an expanded and more comprehensive taxonomic sample across the family, and molecular sequence data from the plastid and nuclear genomes. We compare our results with published studies to evaluate the monophyly of previously proposed groups (particularly within studies based on different loci (e.g., Applequist and Wallace, 2001 ; Cu é noud et al., 2002 ; Nyffeler, 2002 ) .
Taxonomic studies since the 19th century have recognized Pereskioideae, Opuntioideae, and Cactoideae as distinct subfamilies within Cactaceae ( Anderson, 2001 ; Metzing and Kiesling, 2008 ) . The genus Maihuenia has been typically considered as a member of Pereskioideae; however, its placement in a monogeneric subfamily has been suggested on the basis of its unique ecological and morphological attributes ( Anderson, 2001 ) and molecular phylogenetic analyses ( Wallace, 1995a , b ) . In a recent molecular phylogeny of Cactaceae ( Nyffeler, 2002 ) , species of Pereskia and Maihuenia were found to form an early-diverging grade within Cactaceae, with Cactoideae and Opuntioideae as well-supported clades.
Species of Pereskia have been recognized as morphologically plesiomorphic within Cactaceae ( Gibson and Nobel, 1986 ; Leuenberger, 1986 ; Metzing and Kiesling, 2008 ) , displaying characters such as broad, fl attened leaves with C 3 photosynthesis, arborescent growth form, areoles with leaf production, dense and fi brous wood, simple cortex lacking cortical bundles, poorly developed stem epidermal and hypodermal layers, nonsucculent tissues, and occupation of relatively mesic environments ( Leuenberger, 1986 ; Mauseth and Landrum, 1997 ) . In a molecular-based analysis of relationships among early Cactaceae lineages, Edwards et al. (2005) found that members of Pereskia were grouped in two distinct, early-diverging lineages that formed consecutive sister groups of a clade formed by ( Maihuenia , Cactoideae) and Opuntioideae.
Subfamilies Opuntioideae and Cactoideae have long been recognized as monophyletic on the basis of morphological and molecular data ( Barthlott and Hunt, 1993 ; Nyffeler, 2002 ; Wallace and Dickie, 2002 ; Griffi th and Porter, 2009 ). Members of Opuntioideae share a number of structural synapomorphies such as areoles with glochids (small, deciduous, barbed spines), polyporate pollen grains with peculiar exine structures ( Leuenberger, 1976 ) , and seeds surrounded by a funicular cover -frequently described as a bony aril ( Barthlott and Voit, 1979 ) . In addition, studies based on molecular data show that Opuntioideae is characterized by a deletion in the accD region of the chloroplast genome ( Wallace, 1995b ; Wallace and Dickie, 2002 ; Griffi th and Porter, 2009 ) . Subfamily Cactoideae has been strongly supported as monophyletic in molecular phylogenies ( Nyffeler, 2002 ) . Members of this subfamily are characterized by tubercles or ribs on the stems, reduced or suppressed leaves subtending each areole ( Wallace and Gibson, 2002 ) , and the loss of an intron in the rpoC1 chloroplast gene ( Wallace and Cota, 1994 ) . On the basis of detailed morphological observations, Buxbaum (1958) and Endler and Buxbaum (1982) subdivided Cactoideae in nine tribes, with several subtribes and " lines " (Appendix S1, see online at http://www.amjbot.org/cgi/content/full/ajb.1000129/DC1), and Barthlott and Hunt (1993) derived a tribal arrangement for Cactoideae following previous classifi cations and morphological data (e.g., Buxbaum, 1958 ; Britton and Rose, 1919 -1923 ) ; however, this classifi cation has been recently modifi ed ( Anderson, 2001 ; Appendix S1). Morphological phylogenetic reconstruction and taxonomic classifi cation for Cactoideae has proven to be diffi cult due to frequent character state convergence and lack of clear synapomorphies for tribes; hence, molecular-based phylogenetic analysis might represent a useful alternative for recognizing main lineages and their relationships ( Applequist and Wallace, 2002 ) . Recent molecular phylogenetic results for Cactoideae confl ict with traditional morphological classifi ca-DNA extraction, PCR amplifi cation, and sequencing -Genomic DNA was extracted from silica-gel-dried tissue following the procedures of the DNeasy Plant Mini kit (Qiagen, Alameda, California, USA) with slight modifi cations (information available upon request). We designed the amplifying and sequencing primers for rpl16 and trnK/matK loci ( Table 1 ) . To amplify the trnL-trnF intergenic region, we used primers trnL-c and trnL-f ( Taberlet et al., 1991 ) . The ppc locus was amplifi ed using primers PPCX4F and PPCX5R ( Olson, 2002 ) . PCR amplifi cation reactions were performed using an initial denaturation step at 94 ° C for 5 min, followed by 34 cycles at 94 ° C for 1 min, different annealing temperatures (depending on the primers) for 1 min, 72 ° C elongation temperature for different time durations depending on the length of the product, and a fi nishing step at 72 ° C for 4 min. Detailed conditions of each reaction are shown in Table 2 . For several species, gel electrophoresis of PCR products of ppc yielded two bands. These two copies were extracted using the QIAquick gel extraction protocol (Qiagen), then sequenced at The Genome Center, Washington University (http:// genome.wustl.edu/) and Macrogen, Seoul, Korea (http://www.macrogen.com).
Phylogenetic analyses -Data sets were assembled by combining the newly obtained sequences with those downloaded from Genbank for the trnL-trnF , trnK-matK , matK , and rpl16 regions (Appendix 1). For each locus, sequences were preliminarily grouped in several data sets following tribal classifi cations of Barthlott and Hunt (1993) and Anderson (2001) , automatically aligned using the program MUSCLE ( Edgar, 2004 ) , and manually refi ned with the program BioEdit version 5.0.6 ( Hall, 1999 ) . Preliminary alignments were subsequently joined into a single matrix using the profi le alignment option in MUSCLE, followed by a second round of manual refi nement with BioEdit (data was submitted to TreeBASE, http://www.treebase.org, submission number S11087). Incomplete sequence fragments at the 5 ′ and 3 ′ ends of each aligned data matrix were excluded from subsequent analyses (516 base pairs [bp] in total). The fi nal concatenated matrix is 6148 bp long.
Preliminary heuristic parsimony analyses were conducted independently for each locus, except for trnK-matK and matK , which were analyzed jointly (results for independent analyses are not shown but are available upon request). We performed 1000 replicates implementing a random-order-entry starting tree and treebisection-reconnection (TBR) branch swapping with option MULTREES, using the program PAUP* version 4.0b10 ( Swofford, 2002 ) . Strict consensus trees for each locus were obtained, and after we observed that the differences among them, especially among chloroplast markers, were not strongly supported, the fi ve loci were combined in a single data set. This combined data set was analyzed with the parsimony ratchet ( Nixon, 1999 ) in PAUP* using PAUPRat ( Sikes and Lewis, 2001 ) . Parsimony uninformative and invariant sites were excluded, and 20 independent runs of 500 iterations each were conducted. Most parsimonious (MP) trees were fi ltered from the set of resulting trees on each iteration and used to construct a strict consensus tree. Clade support was assessed with 1000 replicates of a nonparametric bootstrap analysis following a parsimony ratchet, implemented in the program TNT version 1.1 ( Goloboff et al., 2000 ) . Cactoideae), to provide independent evidence to show relationships among them, and to identify lineages where more work is needed. Our taxonomic sample includes 224 species belonging to 108 genera of Cactaceae (of ca. 127; Barthlott and Hunt, 1993 ; Hunt et al., 2006 ) , representing all traditionally recognized subfamilies, including an increased sample of the North American tribes Cacteae and Pachycereeae, and several South American lineages. We performed phylogenetic analyses with parsimony ratchet and maximum likelihood methods, based on four protein-coding and -noncoding plastid loci, and one lowcopy nuclear locus. Although one of the most arresting characteristics of the Cactaceae family is the extraordinary diversity of structure of its members ( Mauseth, 2006 ) , the extensive convergence of growth form among distantly related lineages has made understanding the evolution of cacti structure diffi cult. Although authors have postulated hypotheses based on observations ( Britton and Rose, 1919 -1923 ; Buxbaum, 1951 ; Gibson and Nobel, 1986 ; Barthlott and Hunt, 1993 ; Mauseth, 2006 ) , a formal analysis of character evolution is pending. We evaluated possible trends in the evolution of growth form within subfamily Cactoideae, by scoring and reconstructing ancestral character states at the main supported nodes using likelihood methods. Based on an extensive sampling of lineages, our results provide a complete framework to understand evolutionary relationships within Cactaceae and provide insights into the evolution of growth form diversity within Cactoideae.
MATERIALS AND METHODS
Taxa and data -Our taxonomic sampling includes 224 species belonging to 108 genera of Cactaceae, which represent ca. 85% of the generic diversity and 15.4% of the species diversity of the family. Species sampling followed Barthlott and Hunt (1993) and Anderson (2001) , aiming to achieve a nearly complete generic representation and to increase the representation of North American taxa belonging to tribes Cacteae and Pachycereeae, as well as several South American lineages. We included at least one species for each genus within Cacteae and Pachycereeae, but more than one for larger genera such as Mammillaria , Echinocereus , Pachycereus , and Opuntia . Mexican taxa were collected mainly from natural populations, but several endangered species were sampled from the living collection at the Jard í n Bot á nico, Universidad Nacional Aut ó noma de M é xico (UNAM). Tissues of several South American taxa were obtained from the living collection at the Desert Botanical Garden (DBG, Phoenix, Arizona), with species identifi cations subsequently verifi ed. Tissue of Blossfeldia liliputana was collected from natural populations. Four additional species of Anacampserotaceae, the closest relatives of Cactaceae ( Nyffeler, 2007 ; Nyffeler and Eggli, 2010 ) , were included as outgroups. Vouchers of collected specimens are deposited at the National Herbarium of Mexico (MEXU, UNAM) (Appendix 1).
Phylogenetic analyses were based on the nucleotide sequences of fi ve loci from the plastid and nuclear genomes. Plastid markers are one protein-coding gene ( matK ), an intron ( rpl16 ), and two intergenic spacers ( trnL-trnF and trnK-matK ), which have been used successfully in previous phylogenetic analyses of Cactaceae ( Nyffeler, 2002 ; Arias et al., 2003 Arias et al., , 2005 Edwards et al., 2005 ) . The nuclear marker is the fourth intron of the phosphoenolpyruvate carboxylase ( ppc ) gene and is here used for the fi rst time to infer phylogenetic relationships in Cactaceae. Table 2 . PCR conditions for the amplifi cation of the different genomic regions used in this study. In spite of the need to visually inspect and edit each alignment carefully, particularly for some highly variable regions within trnL-trnF , our alignment strategy yielded an adequate global alignment in a reasonable time. The fi nal fi ve-loci matrix was only partially complete, either due to unavailable plant tissues or unsuccessful laboratory techniques. For some taxa, only fragmentary sequences could be obtained (Appendix 1).
Genomic region
The parsimony ratchet analysis for the fi ve-loci matrix resulted in 83 most parsimonious trees of 10 476 steps each (CI = 0.5137, RI = 0.7521). The strict consensus is shown in Figure  S2a -d in Appendix S2. The ML analysis identifi ed a most likely tree of lnL = − 55205.24 ( Figs. 1 -4 ). The ML bootstrap values (bML) were generally higher than those obtained with parsimony (bMP; Figs. 1 -4 ); however parsimony and ML analyses failed to fi nd strong support for derived nodes, particularly within core Cactoideae (see Discussion). Parsimony and ML trees differed mostly in relationships close to the tree tips within this clade. Analyses with maximum likelihood methods provided better results than parsimony ratchet in terms of tree resolution and computing time.
The ML phylogeny obtained for the plastid matrix ( trnLtrnF , trnK-matK , matK , rpl16 ) is shown in Appendix S3, and its topology and support values are highly similar to the ones obtained with the fi ve-loci matrix, probably due to the overwhelming amount of plastid data in relation to the amount of nuclear data. The nuclear region ppc was diffi cult to amplify for several species with our experimental laboratory strategy, and we were only able to obtain sequences for a portion of our sample including 118 taxa. The ML phylogeny obtained for ppc is also shown in Appendix S3. Although some main clades present in the fi ve loci and in the plastid resulting trees were also recovered with the ppc nuclear region (see Discussion), several relationships were not recovered, and support values obtained with ppc were very low, particularly for deep nodes (Appendix S3). The percentage of variable sites in ppc ( Table  3 ) , as well as the low support values for deeper nodes and better support values for derived nodes in the ppc ML phylogeny (Appendix S3), indicate that this marker by itself is not adequate to infer relationships among main Cactaceae clades. However, in spite of the technical diffi culties in its amplifi cation and isolation, the ppc marker might be useful to infer relationships within derived cacti lineages. Phylogenetic relationships are here discussed on the basis of the ML tree obtained for the fi ve-loci matrix, with comparisons to the MP strict consensus obtained from the same matrix (Appendix S2), and with references to the ML nuclear and plastid trees (Appendix S3).
We estimated the likelihood ( − lnL), the proportion of invariant sites and the alpha parameter of the gamma distribution for each of the four noncoding loci ( trnK-matK , trnL-trnF , rpl16 , and ppc ), for the coding matK , and for codon position partitions in matK using the program Modeltest version 3.7 ( Posada and Crandall, 1998 ) . We selected best fi tting models for each mentioned data set using the Akaike information criterion (AIC). To determine adequate data partitioning in our concatenated matrix for further phylogenetic analyses, we visually examined the parameters and the models obtained for each region and codon positions as a proxy to their molecular evolutionary dynamics. These examinations indicated that the data could be appropriately divided into fi ve partitions: (1) chloroplast intergenic trnK-matK (best fi t model: K81uf+I+G); (2) chloroplastcoding matK (best fi t model: TVM+I+G); (3) chloroplast intergenic trnL-trnF (best fi t model: GTR+I+G); (4) chloroplast rpl16 intron (best fi t model: TIM+I+G); and (5) the nuclear ppc region (best fi t model: TVM+I+G).
Maximum likelihood (ML) phylogenetic analyses were performed with the program RAxML version 7.0.4 ( Stamatakis, 2006 ) for the matrix consisting of the fi ve concatenated loci, for the plastid matrix (four concatenated loci: trnKmatK , matK , trnL-trnF , and rpl16 ), and for the nuclear matrix (one locus: ppc ). For the fi ve loci matrix and the plastid matrix, we implemented an independent general time reversible model (GTR) and a gamma distribution for site rates for each data partition, as already described. We set 25 rate categories for the gamma distribution in both cases, because an exploratory analysis in RAxML showed this number of categories lead to an improvement of likelihood values. We performed 500 independent searches starting from different MP initial trees. The ML tree was selected from the entire set of resulting trees on each search. Clade support was assessed with 1000 replicates of a nonparametric bootstrap analysis for the fi ve-loci matrix, the plastid matrix, and the nuclear ppc , also conducted with RAxML.
Ancestral character reconstruction within subfamily Cactoideae -To address the evolution of growth form within subfamily Cactoideae, we used the ML phylogeny obtained for the fi ve-loci matrix to perform a reconstruction of ancestral character states with the program BayesMultistate implemented in BayesTraits ( Pagel, 1999 ; Pagel et al., 2004 ; program available at http://www. evolution.rdg.ac.uk), under an ML approach. This method reconstructs the most probable character states at each tested node, maximizing the probability of the character states observed in terminal taxa. It allows the incorporation of phylogenetic branch lengths by implementing a continuous-time Markov model of character evolution, the number of rate parameters depending on the number of character states ( Pagel, 1994 ( Pagel, , 1999 Pagel et al., 2004 ) .
We scored four different characters describing the growth form of species within subfamily Cactoideae, following discussions in Buxbaum (1951) , Loup (1983) , Gibson and Nobel (1986) , Anderson (2001) and Arias and Terrazas (2006) . Character states for Cactoideae species included in this study were obtained from published descriptions and photographs ( Kattermann, 1994 ; Schulz and Kapitany, 1994 ; Leuenberger and Eggli, 2000 ; Porter et al., 2000 ; Anderson, 2001 ; Taylor and Zappi, 2004 ; Hunt et al., 2006 ) . Scored characters were (1) main growth form, (2) stem support, (3) stem features, and (4) habit. For main growth form, we distinguished six possible character states: arborescent (with a trunk branching above the base), shrubby (absence of a main trunk or with a basitonic branching), columnar (not branched), globose solitary (plants with spherical stems shorter than 0.5 m, growing singly), globose caespitose (plants with spherical stems shorter than 0.5 m, growing in clumps), and barrel (plants with spherical stems taller than 0.5 m). As noticed by Gibson and Nobel (1986 , p. 141) , in the fl at-stemmed epiphytes of the subfamily Cactoideae, the pith is small and encircled by a vascular cylinder like that found in narrow-stemmed, ribbed, terrestrial cacti; hence, we classifi ed epiphytes (for example, species in Epiphyllum , Rhipsalis , or Hylocereus ) as having a shrubby growth form. For the stem support character, we distinguished two possible states: erect or nonerect. For stem features, we distinguished two character states: ribbed or tubercled. For habit, we distinguished two character states: terrestrial or epiphytic. Table S4 .1 in Appendix S4 (see online Supplemental Data) shows the matrix with the scored characters for Cactoideae species included in this study.
RESULTS
The fi nal fi ve loci data matrix includes 6148 bp, of which 3400 (55.3%) are invariant and 1597 (26.2%) are parsimony informative. Table 3 summarizes the information content of each genomic region. The alignment of trnK-matK plus matK was the longest and provided the majority of parsimony informative sites. [Vol. 98 In the search for alternatives to MP, we explored ML phylogenetic methods. RAxML is a heuristic, parallelized program that uses ML as the optimization criterion to infer phylogenetic relationships. It implements a novel algorithmic optimization of the likelihood function to estimate large phylogenies in short times ( Stamatakis, 2006 ) . Experimental studies on large realworld data sets have shown that RAxML can fi nd trees with higher likelihood values in less time and with less computer memory requirements than other programs, for example, GARLI or PHYML ( Hordijk and Gascuel, 2005 ) . Stamatakis (2006) also reports a better performance of RAxML in comparison to MrBayes; nonetheless, he recognizes the comparison is not fair because it considers the algorithm of the latter as an ML heuristic. We mostly base our discussion of phylogenetic relationships and evolution of lineages within Cactaceae on the obtained ML tree for the fi ve-loci matrix ( Figs. 1 -4 ) . Previous molecular phylogenetic studies have provided insights about relationships among Cactaceae ( Nyffeler, 2002 ) and within its subclades (e.g., Butterworth et al., 2002 ; Arias et al., 2003 Arias et al., , 2005 . The larger taxon sampling and sequence data included in this study, particularly of the North American tribes Pachycereeae and Cacteae, allows an independent assessment of relationships among major lineages within Cactaceae, as well as greater resolution within particular clades. The obtained phylogenetic To infer the ancestral character states and evolutionary trends of growth form and habit within Cactoideae, we used the ML phylogeny for the fi ve-loci matrix. Methods used provide a probability value for each character state at each tested node. We reconstructed the ancestral characters of main clades and clades with high support values, identifying the most probable character state at each selected node. A complete table with evaluated nodes, likelihood scores, and probability values is shown in Appendix S4 and a representation of results is shown in Fig. 5 .
DISCUSSION
Phylogenetic analyses -Previous phylogenetic studies have revealed diffi culties in resolving phylogenetic relationships within Cactaceae ( Nyffeler, 2002 ; Arias et al., 2003 Arias et al., , 2005 . Although the consensus tree obtained with the resultant MP phylogenies for the fi ve-loci matrix (Appendix S2) provided solid hypotheses about relationships among main lineages, it usually lacked resolution (resulted in polytomies) among derived lineages within Cactoideae, particularly in the South American lineages within the core Cactoideae clade (discussed later). Figures (a) and (e) were taken and modifi ed from Arias et al. (1997) . Hern á ndez-Hern á ndez et al. -Cactaceae molecular phylogeny and evolution either placed Maihuenia as sister of Cactoideae ( Edwards et al., 2005 ) or of Opuntioideae ( Nyffeler, 2002 ) or showed no support for any relationship to either of the two subfamilies ( Butterworth and Wallace, 2005 ) . In the fi ve-loci ML tree, Maihuenia is weakly supported as the sister of ((Opuntioideae, Cactoideae) P. lychnidifl ora ) ( Fig. 1 ) . Our results suggest the placement of Maihuenia among the branches of the Pereskia grade ( Fig. 1 ; Fig. S2 .a in online Appendix S2).
Subfamily Opuntioideae -The monophyly of Opuntioideae has long been recognized ( Barthlott and Hunt, 1993 ; Griffi th and Porter, 2009 ) . Although the inclusion of all described genera within a single genus, Opuntia , has been proposed ( Hunt, 1999 ) , they are morphologically diverse ( Fig. 1 ) and occupy a wide range of habitats through the American continent. Our study confi rms the monophyly of Opuntioideae with the fi veloci matrix and with the nuclear marker (100 bML/100 bMP; Fig. 1 and Fig. S3 .a in online Appendix S3). The fi ve-loci ML phylogeny shows that it is composed of three main clades: one including the cylindrical-stemmed Quiabentia , Grusonia , Pereskiopsis ( Fig. 1e ) and Cylindropuntia (100 bML/96 bMP); another with species characterized by rather spherical stems, including Maihueniopsis , Tephrocactus ( Fig. 1c ) , and Pterocactus hypothesis represents a framework to evaluate evolutionary trends within the family, and we used it to trace the evolution of growth forms within subfamily Cactoideae, which possesses the largest diversity of forms within Cactaceae.
Evolutionary relationships: Early-diverging Pereskia and Maihuenia -Pereskia and Maihuenia have usually been placed within subfamily Pereskioideae, because they lack many derived characters of Cactaceae (e.g., Cactoideae members, Edwards et al., 2005 ) . Maihuenia , however, has also been placed within Opuntioideae ( Britton and Rose, 1919 -1923 ; Butterworth and Wallace, 2005 ) or within its own subfamily, Maihuenioideae ( Anderson, 2001 ) . Our study confi rms the paraphyly of Pereskia ( Fig. 1 ) , whose members have been found to form an earlydiverging grade within Cactaceae in molecular phylogenies ( Butterworth and Wallace, 2005 ; Edwards et al., 2005 ) . Maihuenia is a cushion-or mat-forming shrub from the southern Andes and Patagonia. Species of Maihuenia have persistent leaves, and their relationship with either Pereskia or Opuntioideae has been suggested ( Leuenberger, 1997 ; Anderson, 2001 ). In contrast to Pereskia , Maihuenia has anatomical adaptations to xeric environments in cold high-Andean habitats ( Leuenberger, 1997 ; Mauseth, 1999 ) . Previous molecular phylogenies have Figures (a) to (e) and (g) were taken and modifi ed from Arias et al. (1997) . ( Fig. 1d ) (78 bML/63 bMP); and a third, which contains Miqueliopuntia and Tunilla, with cylindrical to spherical stems, as early-divergent members, and also Opuntia and Nopalea , with fl attened stems (cladodes; Figs. 1a, 1b ) (100 bML/99 bMP).
These results differ slightly from those of Griffi th and Porter (2009) who, on the basis of ITS and trnL-trnF sequences and a denser taxonomic sampling, found Pterocactus to be separated from ( Maihueniopsis , Cumulopuntia ).
within genera, presumably because of convergent evolution at the species level ( Applequist and Wallace, 2002 ; Nobel, 2002 ) . According to our fi ve-loci ML tree, Cactoideae consists of two large sister clades, Cacteae and core Cactoideae; and Blossfeldia as sister to this pair ( Fig. 2 ) . Also on the basis of molecular phylogenetic studies, Crozier (2004) suggested the subdivision of Cactoideae into two subfamilies, Cactoideae and Rhipsalidoideae (discussed later), and the placement of Blossfeldia within its own subfamily, Blossfeldioideae. ( Nyffeler, 2002 ; Butterworth, 2006 ) , we found Blossfeldia , a monotypic genus, as the strongly supported sister of the rest of Cactoideae (96 Cactoideae -Members of subfamily Cactoideae possess succulent stems, usually with ribs or tubercles ( Wallace and Gibson, 2002 ; Figs. 2 -4 ) . The common ancestry of all of its members has been supported by morphological, anatomical, and molecular data ( Wallace, 1995b ; Wallace and Cota, 1996 ; . Previous molecular phylogenies ( Nyffeler, 2002 ) and our results ( Fig. 2; Fig. S2 .b -d in online Appendix S2) confi rm this monophyly with high support values (94 bML/85 bMP). Cactoideae encompasses the greatest species richness and growth form diversity within Cactaceae, including ca. 80% of the species in the family ( Anderson, 2001 ; Hunt et al., 2006 ) . It has been subdivided into several tribes, but morphological studies have proven insuffi cient to clarify relationships within them and even belong to its own subfamily, Blossfeldioideae ( Croizer, 2004 ) . Nyffeler (2002) reported for the fi rst time the intriguing earlydiverging position of Blossfeldia within Cactoideae. This report led to a controversy in the literature trying to explain Blossfeldia ' s morphologically derived characters ( Gorelick, 2004 ; Butterworth, 2006 ) . Gorelick (2004) stated a series of hypotheses to explain Nyffeler ' s results. He noticed that Blossfeldia liliputana is a hexaploid species and suggested that this could bML/85 bMP for its inclusion in Cactoideae and 95 bML/84 bMP for the monophyly of all other Cactoideae; Fig. 2 ) . Blossfeldia , the smallest cactus, is widely distributed in Argentina and Bolivia, where it grows in rock crevices ( Anderson, 2001 ) . It has morphological and ecological features rarely found in other cacti and has been generally recognized as a clearly distinct genus within tribe Notocacteae ( Gibson and Nobel, 1986 ; Barthlott and Hunt, 1993 ; Anderson, 2001 ) or even proposed to Glandulicactus as a distinct genus. Considering vegetative and fl oral morphology, and molecular phylogenies, this genus has been suggested to be closer to Ferocactus and Thelocactus than to Sclerocactus ( Ferguson, 1991 ; Butterworth et al., 2002 ) . Our results, although weakly supported, suggest that Ferocactus is polyphyletic and that Sclerocactus uncinatus is closely related to members of Ferocactus ( Fig. 2 ; Fig. S2 .b in Appendix S2).
Blossfeldia -As in previous studies
The genus Sclerocactus has been subject to much controversy. Our analyses included two of its species ( S. brevihamatus and S. uncinatus ), but they did not group together, suggesting that this genus is also polyphyletic. On the basis of molecular and morphological data, Porter (1999) concluded that Sclerocactus should be subdivided and that Echinomastus should be recognized as distinct. In spite of our limited intrageneric sampling, our results support Porter (1999) and Porter et al. (2000) in proposing that Sclerocactus should be revised and that Echinomastus and Glandulicactus should be recognized as distinct taxa, supporting the inclusion of S. brevihamatus within genus Echinomastus ( Anderson, 2001 ) .
A sister pair consisting of ( Ariocarpus , Strombocactus , Turbinicarpus , and Epithelantha ) and the " Mammilloid " clade ( Butterworth et al., 2002 ) is strongly supported in the fi ve-loci ML tree (94 bML), but weakly so in the MP tree ( Fig. 2 ) . A clade similar to the former was recognized by Butterworth et al. (2002 ;  their " ATEP " clade), except for the absence of Strombocactus and the presence of Pediocactus . The " Mammilloid " clade ( Butterworth et al., 2002 ) includes ( Acharagma, Lophophora , Obregonia ) plus ( Coyphantha , Mammillaria , ( Cochemiea, Neolloydia, Ortegocactus )). Previous studies, as well as our results, suggest that Mammillaria is polyphyletic (see position of M. picta in Fig. 2 , and Butterworth and Wallace, 2004 ). An association among Acharagma , Lophophora , and Obregonia was also found by Butterworth and collaborators (the " Lophophora " clade; Butterworth et al., 2002 ) but in their study, this group was distantly related from the " Mammilloid " clade. Although Cochemiea , a genus from the Baja California Peninsula in Mexico, has been placed within Mammillaria in recent taxonomic reports ( Hunt et al., 2006 ) and MP phylogenetic analyses ( Butterworth and Wallace, 2004 ), here we confi rm that it is independent from Mammillaria , suggesting that it should be regarded as taxonomically distinct ( Barthlott and Hunt, 1993 ; Anderson, 2001 ) . The " Mammilloid " clade represents one of the most spectacular radiations of Cactaceae in the arid and semiarid regions of North America. This clade comprises small globose members with tuberculated stems and dimorphic areoles ( Butterworth et al., 2002 ) and includes the richest genera within Cacteae, namely Mammillaria (ca. 145 species), Coryphantha (55 species) and Escobaria (23 species; Hunt, 1999 ) . The derived position of the " Mamilloid " clade within Cacteae may be consistent with a recent diversifi cation.
Core Cactoideae -The strongly supported clade here referred to as core Cactoideae (94 bML, Fig. 3 ) is another species-rich clade within Cactaceae including species distributed throughout the American continent ( Nyffeler, 2002 ) . Core Cactoideae has been previously recognized with molecular data ( Nyffeler, 2002 ; Croizer, 2004 ) . It includes members of tribes Pachycereeae, Hylocereeae, Browningieae, Trichocereeae, Cereeae, Rhipsalideae, and Notocacteae, which, as in previous results ( Nyffeler, 2002 ; Arias et al., 2005 ; Ritz et al., 2007 ) , were found here to be para-or polyphyletic. Core Cactoideae encompasses a vast diversity of growth forms ( Figs. 3, 4 ) , including gigantic arborescent forms (such as species of Echinopsis , Pachycereus , indicate its possible hybrid origin. In this case, chloroplast sequences would not show the evolutionary history of Blossfeldia because they are maternally inherited. Our analyses based on the fi ve-loci data set and on independent loci, including the nuclear ppc (Fig. S3 .a in Appendix S3), confi rm Blossfeldia as the sister to all other Cactoideae ( Fig. 2 ) .
Cacteae -Cacteae is the only traditionally recognized tribe of Cactoideae that is strongly supported as monophyletic in our ML analyses (100 bML/100 bMP, Fig. 2 ). This tribe comprises all the North American globose, barrel-shaped, and short-cylindrical cacti ( Fig. 2 ) and reaches its greatest morphological diversity and species richness in Mexico, particularly in the southeastern Chihuahuan Desert Hern á ndez and G ó mez-Hinostrosa, 2005 ) . Previous molecular phylogenies also support the monophyly of Cacteae ( Butterworth et al., 2002 ; Nyffeler, 2002 ) . Buxbaum (1958 , p. 195) referred to it as tribe Echinocacteae, described it as " a clear-cut phylogenetic unit " , and divided it into subtribes based mainly on seed morphology. Crozier (2004) even proposed to modify the taxonomic status of tribe Cacteae by transforming it into subfamily Cactoideae and placing the remaining tribes in subfamily Rhipsalidoideae.
Our fi ve-loci ML tree resolved four main lineages within Cacteae with well-supported relationships ( Fig. 2 ) . Within these lineages, we recognized some clades similar to those reported by Butterworth et al. (2002) in a molecular MP phylogenetic analysis based on rpl16 . However, our results show different relationships among them. Butterworth et al. (2002) found a clade they referred to as " Aztekium " ( Aztekium , Geohintonia ) as earliest diverging within Cacteae ( Butterworth et al., 2002 ) . We consistently recovered the same " Aztekium " clade (93 bML/84 bMP); however, in our results, it is associated with Echinocactus and Astrophytum , and both clades together form a poorly supported clade sister of all remaining Cacteae ( Fig. 2 ). An association between Echinocactus and Astrophytum was also found in our nuclear ppc analyses, as the earliest-divergent clade within Cacteae (Fig. S3 .a in Appendix S3). Although in the fi ve-loci ML tree E. grusonii appears to be the earliest-diverging branch within the Aztekium clade, this position is not recovered in the plastid ML phylogeny (Fig. S3 .b in Appendix S3). The Aztekium clade includes solitary globose to barrel cacti with strongly ribbed stems.
The next clade to diverge within tribe Cacteae includes Sclerocactus brevihamatus and Echinomastus (100 bML/95 bMP), although its earliest-diverging position from remaining Cacteae members is poorly supported (58 bML). This clade includes solitary globose plants with low ribs. The next clade to diverge is only moderately supported in our ML analyses (81 bML) and is similar to the " Ferocactus " clade found by Butterworth et al. (2002) . This clade includes Stenocactus spp., Thelocactus spp., Leuchtenbergia principis , Ferocactus spp., and Sclerocactus uncinatus , and a similar association, although poorly supported, was found also in our ppc analyses (Fig. S3 .a in Appendix S3). Species within this clade are solitary or clustering and possess stems with ribs, tuberculated ribs ( S. uncinatus ), or long tubercles ( L. principis ). The position of S. uncinatus as sister to Ferocactus latispinus and F. haematacanthus species was recognized in our fi ve-loci ML and MP trees ( Fig. 2 ; Fig. S.2 .b in Appendix S2). Sclerocactus uncinatus and S. uncinatus subsp. crassihamatus are synonyms of Glandulicactus uncinatus and G . crassihamatus , respectively. Some authors (e.g., Barthlott and Hunt, 1993 ; Hunt, 1999 ; Anderson, 2001 ) do not recognize that can be found among closely related taxa within core Cactoideae. In our fi ve-loci ML and MP phylogenies, the ( Austrocactus , Eulychnia ) clade is sister to the remaining members of core Cactoideae I ( Fig. 3 ; Fig. S2 .c in Appendix S2).
A clade similar to the PHB was previously recognized by Nyffeler (2002) , who referred to it as the AHCLP clade. The PHB clade (94 bML) includes members of tribe Pachycereeae, Hylocereeae, and three genera formerly included in Browningieae: Castellanosia, Neoraimondia , and Armatocereus . Corryocactus , which includes shrubby to arborescent columnar species from Peru, western Bolivia and northern Chile, is sister to the PHB clade (85 bML; Fig. 3 ). Whereas its tribal placement has been the subject of controversy ( Anderson, 2001 ) , its position as the sister branch to the PHB clade ( Fig. 3 ) was also found in previous molecular phylogenies ( Nyffeler, 2002 ; Wallace, 2002 ; Wallace and Gibson, 2002 ) .
A weakly supported clade containing Armatocereus , Neoraimondia , Castellanosia (Browningieae), and Dendrocereus , Leptocereus , and Pseudoacanthocereus (formerly in Pachycereeae) was recognized in our fi ve-loci ML and MP analyses ( Fig. 3 ; Fig. S2 .c in Appendix S2). Castellanosia , Neoraimondia , Armatocereus , and Leptocereus were unresolved in the AHCLP clade of Nyffeler (2002) . The geographical distribution of these genera makes their association intriguing. Leptocereus and Dendrocereus share a Caribbean distribution ( Anderson, 2001 ), but whereas the former contains sprawling, cylindrical forms, the latter contains arborescent species with woody trunks. Their sister species, Castellanosia caineana from lowland Bolivia, is also arborescent. Castellanosia was considered as part of Neoraimondia ( Mauseth and Kiesling, 1998 ; Kiesling and Mauseth, 2000 ) ; however, in our fi ve-loci ML tree, their representative species do not form a clade ( Fig.  3 ) . Neoraimondia includes arborescent candelabriform cacti up to 15 m tall, from the Peruvian coast and the Peruvian and Bolivian Andes ( Anderson, 2001 ) . Armatocereus is a massive shrubby genus with segmented, cylindrical stems, mainly from the Andes of Colombia, Ecuador and Peru ( Anderson, 2001 ) . Pseudoacanthocereus is distributed in Brazil and Venezuela and includes sprawling to upright shrubs ( Anderson, 2001 ) . The fi nding of a South American/Caribbean clade as early divergent within the PHB clade supports previous suggestions regarding the possibility that the closest relatives of North American columnar Pachycereeae and the primarily epiphytic Hylocereeae are South American ( Wallace, 2002 ) .
Pachycereeae is the second largest tribe of North American cacti and represents a diversifi cation that gave rise to columnar and arborescent forms that can reach gigantic sizes, such as the saguaro ( Carnegiea gigantea ) and card ó n ( Pachycereus pringlei ) from northern Mexico and southwest USA. In their anatomical, chemical, and morphological study of Mexican columnar cacti, Gibson and Horak (1978) and Gibson (1982) recognized two major lineages within Pachycereeae: subtribe Pachycereinae ( Pachycereus , Neobuxbaumia , Cephalocereus , Carnegiea , Mitrocereus , and Lophocereus ) and subtribe Stenocereinae ( Escontria , Myrtillocactus , Polaskia , and Stenocereus ). Our results are congruent with this hypothesis because we recovered clades similar to the described subtribes. The North American columnar genera are well supported as a monophyletic group (100 bML/74 bMP), here referred to as core Pachycereeae. The deepest split within this clade separates the clades we here refer to as Pachycereinae (99 bML/82 bMP) and Stenocereinae (99 bML; Fig. 3 ) following Gibson and Horak (1978) and Gibson (1982) . However, in addition, and as in previous or Neobuxbaumia ), solitary or clumped globose forms (such as species of Parodia and Copiapoa , respectively), and hanging epiphytes with cylindrical spineless or fl attened two-ribbed stems (for example, different members of Rhipsalis or Hylocereus ) distributed throughout America.
Early-divergent genera Copiapoa, Calymmanthium, and Frailea -Copiapoa , Calymmanthium , and Frailea are weakly supported as the three earliest-diverging branches within core Cactoideae in the fi ve-loci ML tree ( Fig. 3 ) . This position was not found in the corresponding MP tree, where Frailea grouped with members of Rhipsalideae, and Calymmanthium grouped with Pfeiffera (Fig. S2 .c in Appendix S2). The position of these genera was uncertain in the study of Nyffeler (2002) .
Copiapoa is endemic to the Atacama Desert in northern Chile and includes 26 species of globose to short, cylindrical cacti that can form massive clumps and are highly adapted to aridity ( Schulz and Kapitany, 1994 ; Anderson, 2001 ) . The monophyly of Copiapoa is well supported (100 bML/100 bMP). Its position as sister to all other core Cactoideae was also found in our MP analyses ( Fig. 3 ; Fig. S2 .c in Appendix S2), but not in the ppc ML tree (Fig. S3 .a in Appendix S3); however, its relationships may be reconsidered given the weak support of the branches diverging after it, especially in MP analyses (see also Nyffeler, 2002 ) .
Calymmanthyum is a monotypic, arborescent genus endemic to northern Peru, with unique anatomical and morphological features, for example, a uniseriate to biseriate collenchymatous hypodermis with relatively thin walls, with no mucilage cells in either cortex or pith, and fl owers with an inner perianth partially shielded by an outer fl oral tube ( Anderson, 2001 ; Nobel, 2002 ; Wallace, 2002 ) . It has been suggested that it retains numerous plesiomorphic features within Cactoideae, for example, few ribbed juvenile shoots ( Nobel, 2002 ; Wallace, 2002 ; Wallace and Gibson, 2002 ) . The position of Calymmanthium in the fi veloci ML tree is weakly supported and unresolved within Cactoideae in the trnK/matK , matK and ppc independent analyses. The genus Frailea was established by Britton and Rose (1919 -1923) to include eight species of dwarf globular cacti from southern Brazil and northeast Argentina. Anatomical studies show that Notocactus , Blossfeldia , and Frailea share common features with Parodia (see references in Eggli and Nyffeler, 1998 ) , but our results, as well as those of Nyffeler (2002) , suggest that Frailea is an unrelated, independent lineage. Its position in the ML tree ( Fig. 3 ) is weakly supported.
Core Cactoideae I -Our ML tree shows a pair of large sister clades that diverge after Frailea , here referred to as core Cactoideae I and core Cactoideae II. Core Cactoideae I is composed of Pfeiffera ianthothele ; a strongly supported Eulychnia and Austrocactus clade (100 bML/84 bMP); and a clade containing Pachycereeae, Hylocereeae, and Browningieae members, here termed the PHB clade (85 bML; Fig. 3 ) .
Austrocactus and Eulychnia , together with Corryocactus , were considered early-diverging members of Notocacteae ( Buxbaum, 1969 ) . Austrocactus comprises fi ve or six species of globose to short cylindrical cacti from southern Argentina and Chile, thought to be closely related to Corryocactus ( Anderson, 2001 ) . Eulychnia on the other hand includes arborescent, candelabriform, sometimes gigantic, species (e.g., E. brevifl ora ; Anderson, 2001 ) that inhabit the coastal deserts of Chile and southern Peru. The highly supported ( Austrocactus , Eulychnia ) clade is a good example of the high divergence of growth forms A clade containing Eriosyce , Parodia , and Neowerdermannia vorwerkii (93 bML/80 bMP) was here recognized ( Fig. 4 ) . Nyffeler (2002) found an equivalent clade and referred to it as core Notocacteae. Eriosyce includes 33 -35 species of globular to elongated, rarely columnar cacti distributed in central Chile, southern Peru, and northwest Argentina ( Anderson, 2001 ) . It was previously allied to Austrocactus , Eulychnia , Copiapoa , Corryocactus , and Neowedermannia ( Kattermann, 1994 ) . Parodia includes ca. 29 accepted and 76 provisional species, which are small to moderately sized, solitary or clustering, generally with globose stems, and inhabit the east slope of the Andes in southern Brazil, Uruguay, and Paraguay to the northern half of Argentina Nyffeler, 1998 , 2007 ) . Neowerdermannia consists of two globose species disjunctly distributed in southwestern Chile ( N. chilensis ), and Bolivia and northern Argentina ( N. vorwerkii ; Kattermann, 1994 ) . It has been previously associated with Gymnocalycium ( Anderson, 2001 ) . Our results, together with those of Nyffeler (2002) , indicate that Notocacteae sensu Anderson (2001) and Barthlott and Hunt (1993) is a polyphyletic assemblage with Austrocactus and Eulychnia closely related to Pachycereeae; Copiapoa as an early-diverging independent lineage within core Cactoideae; and Eriosyce, Parodia , and Neowedermannia forming a clade within core Cactoideae II.
A clade that includes all sampled members of tribe Trichocereeae and some members of Cereeae and Browningieae conforms to another major clade within core Cactoideae II ( Fig. 4 ) . A similar association has been referred to as the BCT clade ( Nyffeler, 2002 ; Wallace, 2002 ) and includes several South American columnar or arborescent species, with Uebelmannia as its earliestdiverging branch ( Fig. 4 ; see also Nyffeler, 2002 ) . Our results found this BCT clade to be strongly supported (100 bML/91 bMP), and it was also recovered with high support values in the nuclear ppc analyses (Fig. S3 .a in Appendix S3). After Uebelmannia , several taxa formerly assigned to Browningieae and Cereeae, as well as Discocacuts , Rebutia , and Sulcorebutia (Trichocereeae), form an early-diverging grade within BCT ( Fig. 4 ) . Browningia and Stetsonia (Browiningieae) are shrubby or large arborescent forms ( Fig. 4e ) , mainly from the central Andean region (northern Chile, Bolivia, and Peru), and presumably display plesiomorphic fl oral attributes ( Wallace, 2002 ) . In contrast to the western South America diversity-centered taxa (i.e., Gymnocalycium , Parodia , Eriosyce ), former members of Tribe Cereeae (Appendix S1) are most diverse in eastern South America. This tribe includes cylindrical-shaped species ranging from large, robust trees to thin-stemmed shrubs, but also includes globular forms such as Melocactus ( Fig. 4c ) . Tribe Trichocereeae consists of long-stemmed cylindrical cacti with a wide variety of habits, including sprawling, shrubby, large arborescents, or candelabriforms, and even globoses (possibly reduced; Wallace, 2002 ) forms. In our fi ve-loci ML analysis, members of Trichocereeae, except for Discocacuts , Rebutia , and Sulcorebutia , belong to a weakly supported clade nested within BCT ( Fig. 4 ) . Our analyses indicate that Echinopsis sensu lato is polyphyletic and requires to be taxonomically revised.
Evolutionary trends of growth form and habit within Cactoideae -The extraordinary vegetative diversity within Cactaceae ( Mauseth, 2006 ) diffi cults the proposal of a simple set of categories for the growth forms and habits it encompasses ( Anderson, 2001 ). Subfamily Cactoideae is probably the richest in terms of species number and diversity of growth forms (see Barthlott and Hunt, 1993 ; Anderson, 2001 ) . Within this subfamily, the Cacteae clade includes globose cacti with ribbed or studies ( Arias et al., 2005 ) , we found a strongly supported Echinocereus clade as sister to the remaining members of Stenocereinae ( Fig. 3 ) .
Peniocereus had been typically considered as closely associated with Pachycereeae or Echinocereeae ( Barthlott and Hunt, 1993 ; Anderson, 2001 ) , and molecular and morphological studies found this genus to be paraphyletic ( Arias et al., 2005 ; G ó mez-Hinostrosa and Hern á ndez, 2005 ) with some of its species more closely associated to Hylocereeae. Our results confi rm these previous results in that Peniocereus subgen. Pseudoacanthocereus ( P. castellae and P. chiapensis ) is closely related to Acanthocereus tetragonus and to tribe Hylocereeae, forming a clade here named " expanded Hylocereeae " , whereas other species of Peniocereus (e.g., P. greggii , P. johnstonii , P. serpentinus , and P. viperinus ) are closer to Pachycereinae.
Hylocereeae is one of only two tribes within Cactoideae that includes epiphytes (see below). Its members are scandent or epiphytic shrubs with fl attened or few-ribbed stems, mainly distributed in Central America. It was considered to be related to Echinocereeae ( Harrisia , Acanthocereus ) and Cereeae ( Barthlott and Hunt, 1993 ) . As recognized by Arias et al. (2005) , we found that all included species of Hylocereeae form a weakly supported monophyletic group within the PHB clade ( Fig. 3 ) .
Core Cactoideae II -Core Cactoideae II includes all remaining South American members of core Cactoideae as well as members of tribe Rhipsalideae. This clade is recognized, but weakly supported, in our fi ve-loci ML and MP analyses ( Fig. 4 ; Fig. S2 .d in Appendix S2). Species included within this clade were scarcely sampled in our nuclear ppc analyses and did not form the same association as in the phylogenetic results obtained with the plastid or the fi ve-loci matrices ( Fig. S3a and b in Appendix S3).
Rhipsalideae, mostly distributed in eastern Bolivia and southeastern Brazil ( Barthlott and Hunt, 1993 ) , is another Cactoideae tribe that includes epiphytes and lithophytes. A clade comprising members of tribe Rhipsalideae (100 bML/99 bMP) was found in our fi ve-loci ML tree as the sister of the remainder of core Cactoideae II, but with weak support ( Fig. 4 ) . Nyffeler (2002) found an equivalent relationship, but with stronger support, suggesting a close relationship between some Rhipsalideae members and the remaining South American tribes (i.e., Cereeae, Notocacteae, Trichocereeae, Browningieae) within core Cactoideae II. Nevertheless, in our fi ve-loci MP tree, the Rhipsalideae clade is the sister of (core Cactoideae I, core Cactoideae II) (Fig. S2 .c in Appendix S2) and in the nuclear ppc analyses, a clade of ( Hatiora salicornoides , Rhipsalis baccifera ) is sister to representative species of core Cactoideae I (Fig. S3 .a in Appendix S3).
Pfeiffera , regarded as " transitional " between Corryocactus and Rhipsalideae ( Gibson and Nobel, 1986 ) , is the only traditional member of Rhipsalideae that did not group with other members of this tribe. Instead, Pfeiffera was found to be closely related to North American members of core Cactoideae ( Fig. 3 ) , as previously recognized by Nyffeler (2002) . This position needs to be confi rmed with sequences obtained from additional specimens and other species, given that we used Nyffeler ' s data for our single representative of this genus. Besides Pfeiffera, the epiphytic habit hence seems to have evolved independently in two distantly related lineages of Cactaceae: in Hylocereeae, within core Cactoideae I; and in Rhipsalideae, within core Cactoideae II. [Vol. 98 ingia candelaris ) evolved from a barrel-shaped ancestor ( Fig. 5 ; Table S4 .2 of Appendix S4). Unfortunately, the poor support values and taxonomic sampling within the BCT and the Trichocereeae clades in our study do not allow a more detailed reconstruction and comparison.
Within core Cactoideae II, and particularly in the BCT clade, distinct trends in growth form evolution are not apparent, possibly due to the high variability and convergence of the character within lineages. The absence of clearly distinct trends may be also the consequence of insuffi cient taxonomic representation, particularly of South American lineages.
Conclusions -The phylogenetic relationships presented in this study corroborate previous results and provide further resolution of evolutionary relationships and tendencies within Cactaceae, in the context of a denser generic representation, molecular sequence data from the plastid and nuclear genomes, and parsimony and maximum likelihood phylogenetic analyses. The onset of diversifi cation within Cactaceae gave rise to a phylogenetic grade that includes Pereskia and possibly Maihuenia . Following that early grade, the subfamilies Opuntioideae and Cactoideae, each strongly supported as monophyletic, form a sister pair.
Opuntioideae consists of a clade of fl at-stemmed Opuntia and Nopalea , a clade including genera with spherical stems, such as Pterocactus and Maihueniopsis , and a clade of cylindrical or spherical stemmed genera, such as Cylindropuntia and Quiabentia . Within Cactoideae, the placement of the monotypic Blossfeldia as the sister to (Cacteae, core Cactoideae) is confi rmed. This relationship was obtained both in analyses of the fi ve-loci matrix, the plastid matrix, and the individual loci, including a nuclear marker. Cacteae, strongly supported as monophyletic, is a cohesive lineage that comprises the globose and barrel-shaped cacti from North America. Our ancestral character reconstruction analyses showed a possible trend within this clade from a globose ribbed ancestor toward tubercled, caespitose, or solitary cacti present in derived nodes. Our results indicate possible cases of paraphyly and polyphyly in the circumscriptions of several genera within Cacteae ( Mammillaria , Sclerocactus , Echinocactus , Ferocactus , Turbinicarpus ).
Core Cactoideae is a well-supported clade comprising species of North and South America that display a wide variety of growth forms. Its earliest-diverging lineages appear to be South American globose forms ( Copiapoa , Frailea ), but their relationships are weakly supported. Our results suggest a barrelshaped, ribbed condition as the ancestor of core Cactoideae, which changed to a shrubby ancestor in the core Cactoideae I clade. The predominant growth forms within core Cactoideae I are shrubs or trees with cylindrical stems, possibly derived from a South American ancestor. Our results suggest that the North American columnar or arborescent growth forms within the core Cactoideae I clade evolved from a shrubby, nonerect (sprawling, prostrated, clambering) ancestor, while arborescent South American lineages of the Trichocereeae clade evolved from a barrel-shaped ancestor. The barrel condition possibly became reduced toward a globose form in core Notocacteae and other lineages within the BCT clade. Our results show the high diversity and frequent convergence in the evolution of growth form in this major clade.
Evolutionary relationships in Cactaceae, mainly in lineages within subfamily Cactoideae, have been diffi cult to elucidate only on the basis of morphological attributes, possibly because of substantial convergent evolution. Our phylogenetic results further document the complexities in resolving evolutionary tubercled stems, which range in sizes from few centimeters ( Escobaria ) to a couple of meters above the ground ( Echincactus platyacanthus ), while the predominant growth forms in the core Cactoideae clade are scandent, shrubby, or arborescent cacti with cylindrical stems. The arborescent and the columnar growth form evolved in derived clades both in core Cactoideae I and core Cactoideae II, and both clades also include globose forms, apparently caused by stem reduction.
To trace the evolution of growth forms and habits within subfamily Cactoideae, we reconstructed the ancestral character states using ML methods. According to our results ( Fig. 5 ; Appendix S4), the ancestor of Cactoideae was a solitary, globose cactus with a ribbed stem. However, the probability value for the globose, solitary character state at this node is not high (0.30, see probability values obtained for each character in Table S4.2 in Appendix S4). The ancestral growth form of the Cacteae clade was also inferred to be ribbed, solitary globose, with a probability of 0.99 and 0.93 respectively ( Fig. 5 ; Table  S .4.2 in Appendix S4). Nevertheless, the ancestral condition for the ( " Mamilloid " clade and " Lophophora " clade) plus the ATEP clade appears to be clustering or caespitose, globose, with tubercled stems, which evolved to a solitary stem within the ATEP clade ( Fig. 5 ) .
According to our results, in contrast to the globose ancestral condition in Cacteae, the ancestor of core Cactoideae was probably a ribbed barrel ( Fig. 5 ; Table S4 .2 in Appendix S4). This condition probably changed in the ancestral node for core Cactoideae I, where the shrubby character state had the highest probability ( Fig. 5 ; Table S4 .2 in Appendix S4). The main clade within core Cactoideae I is the PHB clade. The prevailing growth forms observed among early-diverging lineages within the PHB clade are arborescent or shrubby (e.g., Armatocereus , Neoraimondia ), or more frequently, sprawling epiphytes or lithophytes (e.g., Selenicereus , Hylocereus , Pseudoacanthocereus , Disocactus , Peniocereus ) distributed in Central and South America. The columnar or candelabriform forms within this clade acquired their most conspicuous expression in highly nested clades, such as in core Pachycereeae, suggesting a trend toward the evolution of large columnar and arborescent growth forms. Our reconstruction suggests shrubby cacti with nonerect stems as ancestral to the PHB clade. This nonerect, shrubby condition apparently evolved into an arborescent ancestor in the Stenocereinae clade and a columnar ancestor in the Pachycereinae clade (both with probabilities of 0.4, see Fig. 5 ). Our results suggest that the large columnar and arborescent North American cacti probably evolved from a Central or South American shrubby, nonerect ancestor (but see below).
As shown in Table S4 .1 of Appendix S4, the ancestor of the majority of the evaluated nodes was most probably terrestrial, including the " expanded Hylocereeae " clade. Our results confi rmed that the epiphytic condition is derived and originated independently in two evolutionary lineages: the Rhipsalideae clade and the Hylocereeae sensu stricto clade ( Fig. 5 ; Table  S4 .1 of Appendix S4).
The globose, solitary, ribbed condition found to be most probable at the base of the Cacteae clade appeared again in the ancestral node of Core Notocacteae, possibly as a reduction of a barrel-shaped ancestor ( Fig. 5 ) . However, the ribbed, barrelshaped condition prevailed as most probable in the BCT and Trichocereeae ancestral nodes tested. Our results indicate that, on the contrary of the evolution of columnar and arborescent North American cacti, the columnar and arborescent South American cacti (for example, Echinopsis chiloensis or Brown-relationships within Cactaceae using molecular data, even in the context of a substantial representation at the generic level. These molecular results provide solid information at the subfamilial level; however, relationships at derived phylogenetic levels generally lack strong support, particularly those of lessintensely studied South American lineages. A full understanding of phylogenetic relationships and evolutionary tendencies within Cactaceae will require a further increase in the taxonomic sampling, in the context of greater concerted efforts to improve data matrices by fi lling existing gaps.
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